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Using ultrafast optical techniques, we probe the hole-doping dependence of the electron-boson cou-
pling constant λ in Bi2Sr2CaCu2O8+δ. In the overdoped region, we observe a correlation between
(λ) and the superconducting transition temperature Tc. Upon performing the McMillan analysis,
however, we find that λ is too small to explain the high Tc’s, and that the Coulomb pseudopotential
µ∗ is negative. Our analysis therefore reveals two components in the mechanism of high-Tc super-
conductivity — a dominant pre-existing pairing interaction, together with a weaker electron-phonon
interaction that fine-tunes Tc.
PACS numbers: 74.72.Hs, 73.50.Gr, 74.25.Gz, 78.47.-p
Despite many advances in understanding copper-oxide
high-temperature superconductors, there still exists no
universally accepted mechanism. Determining the na-
ture of interaction responsible for the Cooper-pair forma-
tion remains one of the grand challenges in modern con-
densed matter physics. The most probable candidates
are lattice vibrations (phonons) [1, 2], spin fluctuation
modes [3, 4], and pairing without invoking glue [5]. For
conventional superconductors, structure in the electron
tunneling dI/dV characteristics established unambigu-
ously that the attractive pairing interaction was medi-
ated by phonons [6]. For high transition temperature
(Tc) superconductors, structure in dI/dV has also been
found in many tunneling measurements [7]. More re-
cent scanning tunneling microscopy (STM) experiments
revealed an oxygen lattice vibration mode whose en-
ergy is anticorrelated with the local gap value on hole-
doped Bi2Sr2CaCu2O8+δ (Bi-2212) [8] while a bosonic
mode of electronic origin was found in the electron-doped
Pr0.88LaCe0.12CuO4 [9]. Together with salient features
observed in angle-resolved photoemission spectroscopy
(ARPES) [2, 10, 11], these new results raise the fun-
damental question of whether the bosonic modes are a
pairing glue [12] or a signature of an inelastic tunnel-
ing channel [13]. Here, we report a systematic time-
resolved pump-probe study on Bi-2212 at various dop-
ing levels. It reveals a positive correlation between the
quasiparticle relaxation rate and Tc as doping is varied
from the optimal toward the overdoped regime, indicat-
ing that phonons play a role in the mechanism of high-
Tc superconductivity. Our analysis, based on McMillan-
type strong coupling theory, shows that (i) the electron-
phonon coupling is not sufficiently large to account for
the large Tc’s of the cuprates, and (ii) the Coulomb pseu-
dopotential is necessarily negative, indicating that a dom-
inant pre-existing pairing interaction is necessary to glue
the electrons into pairs with such high Tc’s. Candidates
of such a pre-existing pairing interaction are electronic
coupling to a bosonic mode of electronic origin, or a
mechanism without mediators.
The role of the electron-boson interaction (EBI) in
high-Tc superconductors were studied by different tech-
niques. For example, inelastic neutron scattering tracks
the changes in boson energies or dispersions upon en-
tering the superconducting state. ARPES and time-
integrated optical spectroscopy [14, 15] measure the ef-
fects of EBI on electronic self-energies, and planar junc-
tion experiments determine the energy of the bosonic
mode [16]. STM experiments measure the local density
of states through the local differential tunneling conduc-
tance, where the characteristic boson mode energy is esti-
mated from the peak position in d2I/dV 2 [8]. However,
it cannot tell us directly the strength of the electron-
boson coupling because all energy is encoded in the elec-
tron self-energy itself. Complementary to the above tech-
niques, ultrafast spectroscopy – a temporally-resolved
technique, has been used in probing the relaxation dy-
namics of photoexcited quasiparticles in correlated elec-
tron systems [17, 18]. Its unique contribution lies in its
ability to extract the value of the electron-boson cou-
pling constant (λ) directly, without the need to perform
complicated inversion algorithms. This procedure has
been experimentally verified on the conventional super-
conductors [19]. Performing time-resolved pump-probe
measurements on the same family of cuprates will allow
us to determine (i) the magnitude of λ, and (ii) whether
λ has any correlation with doping. These will yield cru-
cial information to the role of electron-boson interaction
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FIG. 1: (Color) Photoinduced transient reflection ∆R/R ver-
sus time delay between pump and probe pulses, of an over-
doped Bi-2212 single crystal (Tc = 90.5 K). (o): Experimen-
tal data. Blue line: one-exponential fit. Red line: two-
exponential fit.
in the mechanism of high-Tc superconductivity.
The family of the two-layer cuprate Bi-2212 has been
in recent years the most intensively studied class of high-
Tc superconductors, due to their (a) extreme cleavability,
(b) containing only CuO2 planes and not chains, and (c)
the possibility of growing samples with a larger range of
Tc’s (compared to other cuprates). Single crystals of Bi-
2212 were obtained from two groups (Tokyo and AIST)
grown by the floating zone method with doping controlled
by oxygen depletion, yielding values of Tc (determined
by magnetization data) that depends on the hole doping
level spanning from the underdoped to the overdoped
regime. Due to difficulties in growing high-purity under-
doped samples, we present data on only one underdoped
sample, and six optimally-doped to overdoped samples.
In our experiments an 80-MHz repetition rate
Ti:sapphire laser produces 45-femtosecond (fs) pulses at
approximately 800 nm (1.5 eV) as the source of both
pump and probe optical pulses. The pump and probe
pulses were cross-polarized, with a pump spot diameter
of ∼60 µm and probe spot diameter of ∼30 µm. The re-
flected probe beam was focused onto an avalanche pho-
todiode detector. The pump beam was modulated at
1 MHz with an acoustic-optical modulator to minimize
noise. The experiments were performed with an aver-
age pump power of 3 mW, giving a pump fluence of
∼0.1 J/cm2 and a photoexcited quasiparticle density of
0.02/unit cell, showing that the system is in the weak
perturbation limit. The probe intensity was ∼10 times
lower. Resolution is at least 1 part in 106. The fitted val-
ues of τ have a typical error of ±1 %. All measurements
are done at room temperature. At this temperature,
the electron subsystem reaches a local equilibrium within
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FIG. 2: (Color) Doping dependence of the (a) fast relaxation
rate (1/τfast) and (b) slow relaxation rate (1/τslow). UD =
underdoped sample. OD = overdoped samples. Red lines =
best-fit straight line through the OD data points.
20 fs, shorter than our pulse width. Hence the observed
quasiparticle relaxation occurs mostly through electron-
lattice coupling. Figure 1 shows the time dependence of
the photoinduced signal of a typical overdoped Bi-2212
sample. The time evolution of the photoinduced reflec-
tion ∆R/R first shows a rapid rise time (of the order of
the pump pulse duration) followed by a subsequent decay.
As shown in Fig. 1, the data can be fit better by two ex-
ponentials (red line) than a single exponential (blue line).
It indicates the quasiparticle relaxation has two compo-
nents: ∆R/R = A+B exp(−t/τfast) +C exp(−t/τslow).
The fast component τfast is of the order of 100 fs while
the slow component τslow is of the order of 650 fs in the
optimamly-doped to overdoped regimes. Since observa-
tion of spin-fluctuation modes in the overdoped Bi-2212
samples has rarely been reported, we ascribe the quasi-
particle relaxation in this regime to electron-lattice cou-
pling, not coupling between electrons and spin fluctua-
tions — this is consistent with STM data on the same
family of cuprates [8]. Recently a time-resolved pho-
toelectron spectroscopy measurement has been carried
out on an optimally doped Bi-2212 sample, where a sim-
ilar two-stage cooling dynamics was observed at room
temperature [20]. Similarly, we interpret the relaxation
process as the electrons first transferring energy to the
phonons which are more strongly coupled at a character-
istic time τfast and then continue cooling down via the
energy dissipation of these hot phonons by the means of
anharmonic decay at a characteristic time τslow.
Figure 2 shows the doping dependence of the relaxation
rate, 1/τfast and 1/τslow. In the optimally-doped to over-
doped regimes, both relaxation rates are correlated with
Tc, though weakly. Moreover, the relaxation rate in the
underdoped regime deviates systematically from those in
the optimally-doped and overdoped regimes. This sig-
nificant deviation suggests that the quasiparticle relax-
ation in the underdoped regime has, in addition to the
electron-phonon interaction, another mechanism, an ob-
vious candidate being the interaction between quasipar-
ticles and spin-fluctuations, due to the superconducting
dome being in close proximity to an otherwise undoped
374 76 78 80 82 84 86 88 90 92 94
-1.2
-1.1
-1.0
-0.9
-0.8
-0.7
UD
UD OD
OD
< 2>1/2 = 40 meV
< 2>1/2 = 70 meV
(b)  
 
*
Tc (K)
74 76 78 80 82 84 86 88 90 92 94
0.045
0.050
0.055
0.16
0.18
< 2>1/2 = 70 meV
< 2>1/2 = 40 meV
OD
OD
 
 
Tc (K)
(a)
FIG. 3: (Color) Doping dependence of the (a) electron-
phonon coupling constant λ (OPT and OD samples only),
and (b) effective Coulomb pseudopotential µ∗, for
p
〈ω2〉 =
40 meV (black circles) and 70 meV (red circles). The read
and blue lines in (a) are best-fit straight lines through the
OPT and OD points.
antiferromagnetic insulator. The existence of a correla-
tion between 1/τ and Tc suggests that phonons play a
role in the mechanism of high-Tc superconductivity in
the cuprates.
Next, we perform a quantitative analysis by assum-
ing that the quasiparticle relaxation throughout the en-
tire doping regime is due to the electron-phonon interac-
tion. Since, as already mentioned, the transfer of elec-
tron energy first occurs through selected modes that are
most strongly coupled to electrons, we use τfast to es-
timate the electron-phonon coupling strength λ. These
strongly coupled phonon modes should be the most rel-
evant in discussing the possible phonon-mediated super-
conductivity. We consider the out-of-plane out-of-phase
oxygen buckling B1g phonon and the half-breathing in-
plane copper-oxygen bond stretching phonon with ener-
gies of approximately Ω = 40 and 70 meV, respectively.
These two types of phonon modes are suggested to be
responsible for the dispersion anomalies at the antinodal
[10] and nodal [2] directions, and reveal strong line-shape
renormalizations with doping and temperature in Raman
and neutron scattering measurements [1, 21, 22, 23, 24].
Though cuprate samples like Bi-2212 are inhomogeneous
both in energy gap and characteristic boson frequency,
the spatial average of mode frequency is doping indepen-
dent. Therefore, we assume Ω is constant throughout
the entire doping regime. τ is related to λ by the Allen
relation [25]
1
τ
=
3~λ
〈
ω2
〉
pikBTe
, (1)
where Te is the electronic temperature (estimated to be
340 K), λ
〈
ω2
〉
is the second moment of the effective
electron-phonon coupling strength, α2F (ω). We use the
Einstein model for phonons such that
〈
ω2
〉
= Ω2 and
〈ω〉 = Ω. Figure 3(a) shows the calculated values of λ
from Eq. (1), as a function of Tc. Since 1/τ ∝ λ , λ
also correlates with Tc. Within the strong-coupling the-
ory, the McMillan [6, 26] formula for the superconduct-
ing transition temperature in a d-wave superconductor is
found to be [27]:
Tc = ω0 exp
[
−
2(1 + λ)
λ− µ∗(1 + λ 〈ω〉)/2ω0
]
. (2)
Here µ∗ is the Coulomb pseudopotential; it is a renormal-
ized quantity and can be very different from the original
bare Coulomb repulsion. In this formula, the factor 2
accounts for the d-wave nature of superconducting or-
der parameter while the renormalization factor (1 + λ)
arises from the s-wave channel of the electron-phonon
coupling. Since the average bosonic mode frequency ω0
remains unchanged with doping [8], the variation of Tc
across the superconducting dome in Bi-2212 is due solely
to the interplay between λ and µ∗. With the given
coupling strength λ and ω0 ≈ Ω, and the experimen-
tally measured Tc, one imposes a stringent constraint
on µ∗ through Eq. (2). Figure 3(b) shows the calcu-
lated values of µ∗ for both phonon modes. The nega-
tivity of µ∗ presents two important implications: (i) the
electron-phonon interaction alone is not strong enough
to cause Bi-2212 to be superconducting at the measured
high Tc, and (ii) a pre-existing (attractive) pairing in-
teraction is necessary, especially when no bosonic modes
of electronic origin (such as spin resonance modes) ex-
ist, which is true at least in the deeply overdoped re-
gion where they are neither expected nor observed. Fig-
ure 3(b) shows a clear positive correlation between µ∗
and Tc, with the magnitude of µ
∗ reaching a maximum
at the optimal doping, which shows that a large pre-
existing pairing interaction is needed to produce a large
Tc. Our data on an almost optimally-doped three-layered
cuprate Tl2Ba2Ca2Cu3Oy, with a higher Tc of 115 K (not
shown here), revealed even smaller values of 1/τfast and
1/τslow than the corresponding values of all our Bi-2212
samples, supporting our assertion that electron-phonon
coupling alone cannot be the pairing mechanism for high-
Tc superconductivity.
In Figure 4 we plot λ versus Tc/ω0, combining the data
for Bi-2212 with some conventional (s-wave) supercon-
ductors, also obtained from pump-probe measurements
[19], as well as the recently discovered nodeless non-
centrosymmetric superconductor Mg12−δIr19B16 [28].
Compared to these conventional superconductors, we no-
tice that data points for Bi-2212 (i) do not follow the
same trend, (ii) show a much weaker correlation between
λ and Tc/ω0, with a much smaller slope, (iii) have smaller
values of λ, and (iv) have larger values of Tc/ω0. If the
McMillan formula is valid for Bi-2212, then, for a pos-
itive µ∗, a large Tc/ω0 should imply a large λ, i.e. the
Bi-2212 data points should lie on the same trend as the
conventional superconductors. However, the values of λ,
directly obtained from 1/τ , are too small. For Eq. 2 to
still hold, we therefore need a negative µ∗, i.e. we return
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FIG. 4: (Color) λ versus Tc/ω0 for different classes of super-
conductors. Solid black circles = coventional superconduc-
tors [19, 28]. Solid red circles = Bi-2212 for ω0 =
p
〈ω2〉 =
70 meV. Solid blue circles = Bi-2212 for
p
〈ω2〉 = 40 meV.
to the same conclusion of the need for a pre-existing pair-
ing interaction.
The central conclusion of this work, is that both a pre-
existing pairing interaction and the electron-phonon in-
teraction play a role in the mechanism of high-Tc super-
conductivity. The pre-existing pairing interaction plays a
dominant role, while the electron-phonon coupling, in co-
operation with the pre-existing interaction, merely fine-
tunes the transition temperature as evidenced by its weak
positive correlation with Tc. Our finding therefore echoes
the hypothesis by Anderson [5] that one cannot neglect
the ultimate importance of strong correlation effects to
explain the mechanism for high-Tc superconductivity in
the cuprates, where the Coulomb repulsion is compara-
ble or even larger than the relevant d-orbital bandwidth.
It also suggests that, though we can use a convenient
effective theory of electronic coupling to bosonic modes
to understand many interesting signatures observed in
ARPES and tunneling experiments on cuprates, such a
theory does not reveal the underpinning mechanism for
superconductivity. Theoretically, the spin-fluctuation-
mediated pairing mechanism is of electronic origin and
should come from the same strong electronic correlation.
Recent dynamical cluster calculations [29] have indeed
shown that the pairing mechanism in the doped two-
dimensional Hubbard model is mediated by the exchange
of S=1 particle-hole spin fluctuations. So far, whether
the extracted coupling between quasiparticles and spin
fluctuations is a dominant mechanism or a secondary ef-
fect remains hotly debated in a strong electronic corre-
lation model for superconductivity. Experimentally, if
there exists a dominant electron-boson (specifically spin
fluctuation mode) coupling, it will be very interesting to
characterize directly the strength of this coupling of elec-
tronic origin.
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